We examined state-specific and aggregate effects of U.S. legislation requiring the use of seat befts among front-seat motor vehicle occupants. Effects of compulsory seat belt use on the number of occupants fatally injured in traffic crashes were examined in the first eight states adopting such laws. Monthly data on crash fatalities between January 1976 and June 1986 were analyzed using Box-Tiao intervention analysis time-series methods. Because the new laws apply only to front-seat occupants, front-seat occupant fatalities were compared with: (1) rear-seat fatalities; (2) nonoccupant fatalities (motorcyclists, pedalcyclists, pedestrians); and (3) fatalities among front-seat occupants in neighboring states without compulsory seat belt use. Exposure to risk of crash involvement was controlled by analyzing fatality rates per vehicle mile traveled. Results revealed a statistically significant decline of 8.7% in the rate of front-seat fatalities in the first eight states with seat belt laws. The fatality rate declined 9.9% in states with primary enforcement laws and 6.8% in states with secondary enforcement only. Rates of rear-seat and nonoccupant fatalities did not change when the belt laws were implemented.
tralia in 1971 and spread to a number of European countries, Canadian provinces, and other jurisdictions in the subsequent decade. In the mid-1980s, selected states in the United States implemented compulsory belt use laws. The objective of this study was to evaluate the effects of belt laws on motor vehicle fatality rates in the first eight U.S. states implementing such laws.
This research was supported in part by a gift from the United States Motor Vehicle Manufacturers Association to the University of Michigan Transportation
Research Institute. The assistance of Charles P. Compton with data file instruction is gratefully acknowledged.
Numerous studies have found increased belt use and reduced rates of traffic fatalities following implementation of compulsory belt use laws. Although effects varied, rates of seat belt use have typically doubled or tripled immediately after belt laws took effect, both in the United States (Table 1) and in other countries (Table 2) . After immediate dramatic increases in belt use at the time belt laws first took effect, many jurisdictions experienced some decay in use over the subsequent months or years (Campbell, Stewart, & Campbell, 1986) . Estimated fatality reductions following implementation of compulsory belt use vary widely from country to country (from 0 to 80 % ; Table 3 ). Within the United States, preliminary estimates of the effect of belt laws on fatalities cluster much more narrowly in the range of 1% to 20% (Table 4) . Many of these studies, especially the earlier ones, used nonrandom samples, inadequate control groups, and unreported analytic methods.
METHOD Research Design
We evaluated eight U.S. states that implemented mandatory seat belt use laws prior to October 1985, using monthly data on traffic fatalities from January 1976 through June 1986. A longitudinal or time-series design was used to ensure that observed changes in fatalities were not due to longterm cycles or trends or were not a result of a regression-to-the-mean effect. In the absence of random assignment, time-series designs with comparison groups have the highest possible levels of internal validity (Cook SC Campbell, 1979) .
To further strengthen causal inferences concerning the relationship between compulsory seat belt laws and traffic fatalities, we examined two types of control groups that one would not expect to be affected by the new laws. First, we paired each "experimental" state that recently implemented a seat belt law with a neighboring "control" state that did not implement a belt law during the period under study. States analyzed include: New York with a belt law versus Pennsylvania without, New Jersey versus Maryland, Michigan versus Ohio, Illinois versus Indiana, Texas versus Georgia, Nebraska versus Kansas, Missouri versus Tennessee, and North Carolina versus Virginia.1 Second, within the experimental states we examined two categories of traffic fatalities not directly affected by the new laws -rearseat occupants and nonoccupants (including pedestrians, motorcyclists, and pedalcyclists).
Data Collection
All fatality data were based on the Fatal Accident Reporting System (FARS) maintained by the U.S. National Highway Traffic Safety Administration (NHTSA). Monthly counts of the number of fatalities were calculated separately within each state for front-seat occupants, rear-seat occupants, and nonoccupants. Occupant fatalities included only those traveling in passenger cars, vans, light trucks, and utility vehicles. Medium and heavy trucks, buses, and a variety of special vehicles were excluded because some are exempted from provisions of the seat belt laws and others were covered by preexisting regulations requiring seat belt use. All analyses were limited to persons age 10 and over because compulsory restraint use laws for young children were implemented several years before the adult seat belt laws took effect. Although most child restraint laws are limited to those under age 4, spill-over effects on older children have been reported (Wagenaar & Webster, 1986) . The length of the resulting time series varied from 107 baseline months in New York to 117 baseline months in North Carolina, and from 9 postlaw months in North Carolina to 19 postlaw months in New York.
Exposure to risk of crash involvement was controlled by dividing all of the fatality frequency time-series by the number of vehicle miles traveled (VMT) within each of the states under study. The resulting rates of fatalities per VMT were used in all subsequent 1Two of the comparison states, Ohio and Tennessee, implemented compulsory belt use laws in the spring of 1986. Analyses involving these states were limited to the period in which no belt law was in effect. Arora (1985) Arora (1985) New Brunswick Dept. of Transportation (1984) Arora (1982) Arora (1985) Murray (1984) Arora (1985) DataCaa ( VMT figures by month were obtained from the U.S. Federal Highway Administration and are based on traffic counter and motor fuel sales data. Pre-and postlaw means and standard deviations for each major time-series analyzed are shown in Table 5 .
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Statistical Methods
We used the time-series intervention analysis methods of Box and Tiao (1975) and Box and Jenkins (1976) . On a conceptual level, the analytic strategy involves explaining as much as possible of the variance in fatality 
McCarthy et al. (1984)
. ( rates on the basis of the past history of those independent of observed regularities in the rates, before attributing any of the variance history of each series. Ordinary leastto an exogenous variable, such as implemensquares regression and other commonly used tation of a seat belt law. This approach of statistical procedures were not appropriate intervention analysis was particularly apfor the present study because they assume propriate for the current study, because the independent observations. However, a series objective was to identify significant shifts in of observations over time, such as the fatalifatality rates associated with seat belt laws, ty rate series analyzed here, are highly auto-' correlated, violating the assumption of independence and leading to biased standard error estimates using conventional methods. Baseline Auto-regressive Integrated Moving Average (ARIMA) models were iteratively developed for each time series, repeatedly going through cycles of specifying a model, estimating it, and evaluating its adequacy in terms of accounting for all significant autocorrelation patterns in the series. All of the time series were natural-logarithm transformed prior to parameter ~timation to reduce heterosced~ticity.
Summer 1988Nolume 1 S/Riumber 2
All of the final models met the multiple criteria for model adequacy identified by Box and Jenkins (1976) , including significant noise model parameters, low correlations among parameters, and insignificant residual autocorrelations. Transfer functions were added to the noise models to test for effects of seat belt laws. Given the short postlaw period for whieh data were available, simpIe shift transfer function models were used to represent potential effects of the belt laws. Additional transfer functions were added to the The 1982 decline was due to a variety of factors, including a major economic recession, campaigns to reduce alcohol-impaired driving, and changes in the age structure of the population (Hedlund, Arnold, Cerelli, Partyka, & Hoxie, 1984) . Our objective was not to fully elucidate the causal structure underlying those fatality reductions, but rather to statistically control for those reductions when estimating the effects of recent compulsory seat belt laws.
Because the models are intrinsically nonlinear, the Gauss-Marquardt backcasting algorithm implemented in the software package BMDPBT was used to estimate the parameters (Dixon et al., 1983) . All parameter estimates in the logarithm metric were converted to an estimated percent change in the series after the seat belt law, from levels expected given baseline patterns, using (e-1)lOO. Final statistical models for aggregate series are shown in the Appendix.
RESULTS
Significant declines in the rate of frontseat occupant deaths per VMT occurred in three of the eight states with mandatory seat belt laws (Figure 1) . The fatality rate declined 8.3% in Michigan, 12.4% in New York, and 15.5% in Texas. Intervention parameter estimates were in the expected direction (though not significant) in New Jersey and Illinois. The fatality rate increased in Missouri, Nebraska, and North Carolina, but only in Missouri was the estimated increase larger than two standard errors.2 While these analyses control for long-term trends and cycles within each state, and control for changes in exposure via rates per zTechnically not statistically significant because we hypothesized a fatality reduction following implementation of belt laws and thus used one-tailed tests.
VMT, these state-specific changes in fatalities may still simply reflect broader regional or national changes due to other factors. To ensure that observed fatality changes were associated with the seat belt laws and not other factors, we analyzed the rate of fatalities per VMT in a state with a new belt law r~lu~~ve to the rate of fatalities per VMT in a neighboring state without a belt law during the period studied. In other words, the fatality rate in the target state was divided by the rate in the comparison state.
Analyses of the relative rates again indicated significant declines in fatalities associated with seat belt laws in three of the eight states: New York, 7.1%; New Jersey, 24.5%; and Nebraska, 19.3% (Figure 2) . However, as noted in the previous paragraph, two of these three, (New Jersey and Nebraska) showed no significant decrease when examining the state alone, without taking into account the experience in comparison states. In addition to significant reductions in the relative rates of fatalities in three states, time-series modeling produced estimates in the expected direction (although not significant) in an additional four states.
Clearly, the small number of postlaw data points available (9 to 19 months), and the substantial baseline variability in fatality rates over time, results in moderately large standard errors and what appear to be inconsistent results across states. To reduce this background variation, we combined the eight belt-law states, and estimated the aggregate effect of the belt laws in these eight states. The state-specific time series were aligned on the month each state's belt law took effect, and the number of fatalities and amount of vehicle mileage traveled were summed. The eight comparison states were similarly summed. The result was a time series in which each month no longer represented a specific month in time, but rather represented the ordinal month from the point at which belt laws were implemented. Dividing the fatality rate per VMT for the belt-law states as a group by the fatality rate per VMT for the comparison states as a group resulted in an aggregate relative rate ( Figure 3) . Time-series modeling of the aggregate relative rate estimated a statistically significant 8.7% decline associated with belt laws in these states. One obvious explanation for the differential effects of seat belt laws across states is the size of the change in belt use caused by the law. Most states experienced an increase in belt use from about 16% before to 45% a few months after the laws took effect (Table  1) . Texas had a larger than average increase in belt use (from 15% to 66%) and Illinois a smaller than average increase (from 16% to 30%). Given the different survey methods used in each state, and the standard errors of our estimates of belt law effects on fatalities, we are not in a position to argue that cross-state differences in our fatality reduction estimates reflect differences in belt use rates across states.
Nevertheless, specific provisions of the law, such as primary versus secondary enforcement, and the intensity with which it is enforced are expected to influence belt use rates. To take into account these major differences in the laws across states, we conducted time-series analyses of two groups of states-states with primary enforcement versus states with secondary enforcement sSecondary enforcement means that police officers may only issue citations for failure to use belts if the motorist is first stopped for some other offense. That is, a motorist may not be stopped solely for failure to use seat belts. only. Because North Carolina and Missouri were not actively enforcing their laws during this period, they were excluded from these analyses. Results indicated a significant 9.9% fatality reduction in the primary enforcement states and a significant 6.7% fatality reduction in secondary enforcement states ( Figure 2 ). As expected, states with primary enforcement experienced larger fatality reductions than states limited to secondary enforcement. However, it is worth noting that clear benefits also accrued from secondary enforcement belt laws, provided citations were actually issued to violators. Finally, in addition to controlling for other plausible explanations for observed fatality declines by including comparison states, we conducted time-series analyses of rates of rear-seat occupant deaths and nonoccupant (motorcycle, pedalcycle, and pedestrian) deaths in the states with seat belt laws. All of the laws examined here are limited to front-seat occupants; as a result, rear-seat occupants along with nonoccupants serve as useful comparison groups. Analyses of aggregate fatality rates for the eight belt-law states revealed no change in fatality rates among either rear-seat occupants or nonoccupants. This result substantially increased our level of confidence in attributing observed declines in front-seat fatalities to the seat belt laws.
DISCUSSION
Our results confirm that laws requiring seat belt use can significantly reduce rates of motor vehicle fatalities. However, one cannot expect the fatality declines to be clearly demonstrable within single jurisdictions a short time after the laws are implemented. The nature of fatality trends over time, and the amount of unpredictable variation in number of deaths from month to month, means that a minimum of a 6% to 10% reduction over a 6-to 12-month period is required before the reduction can be reliably identified. Despite the lack of statistical significance for the estimated effects of seat belt laws in some jurisdictions, it is premature to conclude that laws in those states had no effect. As additional data become available, increasing the statistical power of analytic techniques used, some of the statespecific estimates obtained in the current study may become statistically significant. Results from our most powerful analyses, those involving aggregate effects across several states, clearly demonstrate significant fatality reductions. Moreover, use of comparison states and comparison groups not directly affected by the seat belt laws increases our confidence in interpreting the observed declines as caused by the mandatory seat belt use laws.
In terms of the magnitude of the effects of compulsory belt use laws, one can expect a U.S. law that permits primary enforcement and is actually enforced at moderate levels to result in about a 10% reduction in traffic fatalities. A law that permits secondary enforcement only or is enforced at very low levels will have less effect. Although some advocates of compulsory seat belt use have indicated that substantially larger declines in traffic fatalities would result, a 10% decline in a leading cause of death for the entire population represents a resounding public policy success.
How many major programs aimed at reducing disease and injury can document an immediate 10% decline in mortality due to that cause of death across an entire population of millions of people? Moreover, effective implementation of a compulsory seat belt use policy requires minimal expenditure of resources when compared to efforts to reduce mortality attributable to other leading causes of death (e.g., cardiovascular disease, cancer).
Despite the clear success of compulsory seat belt laws to date, much more remaEs to be done. As noted earlier, belt use in the U.S. typically peaks within a month or two of implementation of belt laws, partially decaying after that point. Special enforcement efforts not only can arrest that decline, but further increase belt use rates, at least temporarily (Williams, Preusser, Blumberg, 8c Lund, in press). Clearly, our results demonstrate that belt laws with primary rather than secondary enforcement provisions are needed. We believe that rigorous enforcement of a primary seat belt law in the U.S. can achieve and maintain belt use rates of approximately 60%, in contrast to less than 20% under the most favorable conditions without compulsory use (i.e., extensive education and public information programs).
Even if asymptotic belt use of 60% were achieved throughout the U.S., declines in traffic fatalities of more than 20% are extremely unlikely. This is because of the differential between belt users and nonusers; that is, those at highest risk of involvement in serious traffic crashes are least likely to use belts (Evans & Wasielewski, 1983) . Therefore, other avenues of reducing traffic crash-induced injury and death that do not require action on the part of each individual driver (such as airbags) must be pursued simultaneously with efforts to implement and enforce mandatory belt use laws. 
